Abstract. Mutualistic interactions with fungal endophytes and dinitrogen-fixing bacteria are known to exert key biological influences on the host plant. The influence of a fungal endophyte alkaloid on the toxicity of a plant has been documented in Oxytropis sericea. Oxytropis sericeet is a perennial legume responsible for livestock poisoning in western North America. Livestock poisoning is attributed to the alkaloid swainsonine, which is synthesized inside the plant by the fungal endophyte Embellisia sp. In this study, the ability of Oxytropis sericea to form a dinitrogen-fixing symbiosis with Rhizobium and the effects of this symbiosis on the production of swainsonine by Embellisia sp. were evaluated in a greenhouse environment. Seeds of O. sericea were grown in plastic containers. Twenty-week-old O. sericea seedlings were inoculated with four strains of Rhizobium. Twenty weeks after inoculation, plant growth and root nodulation by Rhizobium were measured. Dinitrogen fixation was confirmed using an acetylene reduction assay (ARA) on excised root nodules. Dry leaves were analyzed for swainsonine content. A second set of plants was treated with fungicide to evaluate the effect of reduced fungal endophyte infection on plant growth and swainsonine production. All inoculated plants produced indeterminate nodules. The ARA indicated that 98% of the excised nodules were fixing dinitrogen. Rhizobium-treated plants had greater swainsonine concentrations than the non-inoculated controls. Plants that established from seeds treated with fungicide had lower biomass than non-fungicide-treated controls and plants treated with foliar fungicide. Plants treated with foliar fungicide and the controls had greater swainsonine concentrations than the plants that received seed fungicide. This greenhouse study is the first report of nodulation and dinitrogen fixation in O. sericea. It also demonstrates that dinitrogen fixation increases the production of swainsonine in O.jSericea plants infected with Embellisia sp. Results from this study suggest that dinitrogen'fixation affects swainsonine production and has the potential to support the symbiosis between Embellisia sp. and O. sericea when soil nitrogen is limited. Oxytropis sericea competitiveness appears to be facilitated by an ability to simultaneously associate with Rhizobium and a fungal symbiont.
Swainsonine levels can be highly variable among individual plants and populations of Oxytropis (Gardner et al. 2001 , Ralphs et al. 2002b . Embellisia sp. distribution also varies among the different parts of the O. sericea plants. In a study on wild O. sericea plants from which endophytes were isolated, 72.9% of the leaves, 97% of the stems, 93% of the seed, and 100% of the flowers yielded endophyte cultures (Braun et al. 2003) . Infection by the endophyte does not induce obvious damage or disease to O. sericea plants (Braun et al. 2003) , which may indicate that the Embellisia sp. endophyte and O. sericea association is mutualistic.
Although the biological importance of swainsonine in O. sericea remains unclear, alkaloid concentrations in other legumes, such as Lupinus succulentus, have been related to available nitrogen from dinitrogen fixation (Johnson et al. 1987) . According to Clay (200 I) , increases in plant available nitrogen can allow for the production of endophyte alkaloids in the host plant.
INTRODUCTION
Oxytropis sericea (white locoweed) is among the most injurious legumes to livestock throughout western North America (Kingsbury 1964) . Oxytropis sericea causes chronic poisoning when frequently consumed by livestock (James et al. 1981) . Livestock poisoning is attributed to the presence of swainsonine, an indolizidine alkaloid (Molyneux and James 1982) produced in the leaves and flowers of the plant in association with the fungal endophyte Embellisia sp. (Braun et al. 2003 , McLain-Romero et al. 2004 .
Levels of swainsonine in wild populations of O. lambertii have been correlated (I' = 0.92) with the presence of Embellisia sp. (Gardner et al. 2004 WHITE LOCOWEED TOXICITY AND MUTUALISM 1851 About 90% of papilionaceous legumes respond to low soil nitrogen by forming dinitrogen-fixing root nodules (De Faria et al. 1989 , Sprent 2002 . Nodule production and dinitrogen fixation has been reported in 21 species of Oxytropis from Eurasia and North America (De Faria et al. 1989) . Oxytropis sericea, the focus of our study, has been classified as a potential nitrogen fixer by Burton (1979) ; however, dinitrogen fixation activity was not measured. The dinitrogen-fixing bacteria studied in species of Oxytropis belong to the genus Rhizobium and Mesorhizobium (Laguerre et al. 1997) . The association with dinitrogen-fixing bacteria can facilitate the growth and establishment of species of Oxytropis under stress conditions, low temperatures, and in nitrogen-limited soils (Bordeleau and Prevost 1994, Prevost et al. 2003) .
Dinitrogen fixation facilitates plant growth by supplying nitrogen to the plant in the form of an amino acid, such as aspartate (Sprent 2003) . Aspartate is the precursor of lysine (Mills et al. 1980 , Morot-Gaudry et al. 2001 , and lysine is also the precursor of many alkaloids found in species of Lupinus (Nilsen and Orcutt 2000) , Astragalus, and Oxytropis (Harris et al. 1988a) . Lysine can be transformed into swainsonine via the Lpipecolic acid pathway, and its biosynthesis has been documented in Rhizoctonia leguminicola (Harris et al. 1988b) , Metarhizium anisopliae (Sim and Perry 1997) , and Embellisia sp. (Braun et al. 2003) .
The benefits received from the fungal endophyteplant associations are mediated by many factors, such as plant and fungal endophyte genotype, environmental conditions, herbivory stress, and water and nutrient availability. Many studies have evaluated the effects of the fungal endophyte's presence on plant growth and alkaloid production by experimenting with infected and uninfected plants, and by using fungicides to regulate the fungal endophyte infection. Faeth and Fagan (2002) used propiconazole to produce endophyte (Neotyphodium sp.) free Arizona fescue. Bayman et al. (2002) used the fungicides benomyl and propiconazole to determine negative and positive effects of associated fungi in the growth and survival of the orchid Lepanthes rupestris. Fungal endophyte control in both seed and established plants of tall fescue has been achieved using benomyl and Bayleton (Backman et al. 1983) .
Fungal endophyte and plant interactions may be characterized by a finely tuned equilibrium between fungal virulence and plant defenses, where the fungal endophyte produces secondary metabolites to regulate the metabolism of the host to its advantage (Schulz et al. 2002) . Swainsonine production and endophyte infection in O. sericea have only been studied in wild populations. The production of swainsonine in O. sericea related to endophyte infection has not been studied in controlled environments.
In this study we exposed O. Three scarified Oxytropis sericea seeds were planted into each of 100 plastic containers (D40 Deepots, Stuewe and Sons, Corvallis, Oregon, USA) filled with sand. The drain holes on the bottom of the containers were covered with glass wool. Upon germination, plants were thinned to one per pot. The seedlings were watered regularly as needed. When the secondary leaves (leaflet of a compound pinnate leaf) developed, all the plants were treated with a standard fertilizer (Miracle-Gro 15-30-15, Scotts Miracle-Gro Products, Marysville, Ohio, USA) to promote growth. Sixteen weeks after germination, when 5-10 leaves were produced, the plants were watered with a formulated low-N nutrient solution as described by Huss-Danell (1978) , to create nitrogen stress in the plants.
Twenty weeks after germination, seedlings were randomly distributed into five groups of 16 replicates. Each group of 16 replicates was assigned to one of five Rhizobium treatments. Each plant from four groups received a tablespoon of one of four Rhizobium strains plus carrier, and a fifth group was used as noninoculated Rhizobium control. After the plants were inoculated, a layer of dry inert gravel mulch was used to protect the sand surface from cross contamination (splash) among treatments. Plants were watered with the formulated nutrient solution twice a week. As the plants progressed in growth, 0.09 mmoljL NH 4 N0 3 was effective in creating significant nitrogen stress for the plants to respond to the Rhizobium treatments. However, all plants received 0.18 mmoljL NH 4 N0 3 to guarantee further growth, particularly in the noninoculated control plants. The five treatment groups were rotated along the bench every seven days, to avoid uneven lighting conditions. The plants were sprayed with pyrethrin, as needed, to control alfalfa aphids.
Acetylene reduction assay (ARA).-Sixteen weeks after inoculation, a randomly chosen plant treated with the Rhizobium strain l18B2 was sacrificed to determine if nodules were produced. Four weeks after the presence of nodules was confirmed, an acetylene reduction assay (ARA) using excised root nodules was performed to confirm dinitrogen fixation activity. The ARA of dinitrogen-fixing activity is sensitive, universal, rapid, simple, and economical (Hardy et al. 1968) . Dinitrogen fixation was confirmed by the ethylene generated from acetylene reduction in the root nodules (Hardy et al. 1973) . The acetylene for the ARA was generated from calcium carbide.
Each plant was taken out of the plastic container inside a plastic tray and rinsed with water to remove the sand from the roots and nodules. Leaf and root length were measured on each plant. Root nodules were counted, clipped, and placed inside a 35-mL syringe, leaving a small segment of the root attached to the nodule. The nodules inside the syringe were treated with 20 mL of air and 2 mL of acetylene (1-10% concentration; Huss-Danell1978). The nodules were incubated for 20 minutes (Hardy et al. 1973 , Binkley et al. 2004 . A 20-mL sample from the same syringe was then injected into a labeled l5-mL vacumn vial. The nodules were dried at 55°C for 48 h and weighed to determine their biomass.
The gas samples in the vacumn vials were analyzed for ethylene detection using a Shimadzu l4A gas chromatograph (GC; Shimadzu, Canby, Oregon, USA) with a 2-m stainless steel column (2.8-mm outer diameter and 2-mm inner diameter) packed with Poropak N 80-100 mesh. The flame ignition detector was set at 200°C, the column oven temperature at 100°C, and helium was used as carrier gas at 20 mLjmin. Acetylene standards were prepared using the gas generated from calcium carbide. Ethylene standards were prepared by making dilutions from a 1000 ppm ethylene cylinder (Micromat III, Alltech Associates, Deerfield, niinois, USA) with a Matheson Micromat III syringe adaptor. The samples were injected into the GC using a 3-mL syringe. The running time per sample was nine minutes.
Plant measurements and swainsonine analysis.-To examine Rhizobium' treatment effects on plant growth, the clusters (a basal tuft of compound leaves equivalent to a tiller in grasses) and leaves per plant were counted, and the average length of roots and leaves was measured on every plant. The length of the leaves was measured from the end of the crown and. base of the leaf (petiole) to the apex. The root was measured from the base of the crown to the taproot apex. The aboveground material from each plant was clipped at the base of the crown including leaves, petioles, and crown. The belowground material from each plant was taken from the base of the crown to the apex of the taproot. Both above~and belowground materials were placed in separate labeled paper bags, oven dried at 55°C for 72 h, and later weighed to the nearest tenth of a gram.
The dry leaf material was ground and analyzed for swainsonine (dry mass [%J) using the methods described by Gardner et al. (2001) and . Standards for this analysis were prepared using ground Astragalus lentigiñ osus leaves, which were previously assayed for swainsonine content following the same method applied to the O. sericea plant material.
Experiment 2: fungal endophyte effects on O. sericea One batch of scarified O. sericea seeds was treated with 1.5 gjL of systemic fungicide Cleary's 3336 (thiophanate ethyl, which converts to ethyl-2-benzimidazole carbamate inside the plant) to reduce fungal endophyte infection, and a second batch remained untreated. Seeds were planted in 48 pots made from PVC cylinders (41 X 7 cm) that were cut longitudinally, taped together, and filled with sand. One opening of each pot was covered with fabric (weed barrier) and wire mesh to allow water drainage without losing sand. Three scarified seeds treated with fungicide were planted in 24 pots, and three untreated scarified seeds were planted in each of the remaining 24 pots. Upon germination seedlings were thinned to one per pot. The seedlings were watered regularly with Miracle-Gro (15-30-15) nutrient solution. Sixteen weeks after germination 12 seedlings treated with seed fungicide and 12 untreated seedlings received a foliar application of fungicide (Cleary's 3336). The 12 plants that remained untreated were used as non-fungicide treated controls. Plants were allowed to grow for 16 more weeks to determine treatment effects. The plants were sprayed during their growing period with pyrethrin, as needed, to control alfalfa aphids.
Plant measurements.-Thirty-two weeks after germination each of the 48 plants was measured to estimate average leaf length, average number of leaves, and the number of clusters (a basal tuft of compound leaves equivalent to a tiller in grasses). Leaves from each plant were clipped 1 cm above the crown, and oven dried at 55°C for 72 h in labeled paper bags to determine leaf biomass. Dried samples were ground in a Wiley mill using a l-mm mesh, for swainsonine analysis at the USDAjARS Poisonous Plant Laboratory in Logan, Utah. 
Statistical analysis
A one-way ANOVA (PROC GLM, SAS 8.02) was used to determine effects of Rhizobium treatment on number of leaves, number of clusters, leaf biomass, number of nodules, nodule mass, and swainsonine concentration in O. sericea plants from experiment one. The same analysis was used to determine fungicide effects on leaf and root length, and leaf and root biomass in O. sericea plants from experiment two. When necessary, data were log-transformed for normality. Multiple comparisons among treatment effects were made using LSD and linear contrasts. The correlation between variables was also estimated to determine any relationship due to treatment effects.
RESULTS

Experiment 1
The presence of nodules was confirmed 16 weeks after inoculation. The randomly chosen plant was successfully nodulated by the Rhizobium strain 118B2. Twenty weeks after inoculation, 98% of the surviving O. sericea plants were nodulated by the four strains of Rhizobium (ll8B I, 118B2, 118HI, 118H2), and no nodules were observed on the non-in"oculated control plants. The nodule's morphology was typical of an indeterminate nodule, measuring between 1 and 5 mm in length (Fig. I) .
Nodule production was significantly different among Rhizobium strains. Plants treated with Rhizobium strain 118B2 had the highest average number of nodules (29 nodules/plant) and were significantly different from the other Rhizobium treatments (F 3 ,38 = 3.03, P = 0.0411).
Strain 118HI had the lowest average number of nodules (7 nodules/plant; Table I ).
Analyzed root nodules in O. sericea plants from the four treatments fixed N 2 , as evidenced by ethylene production in the ARA, which ranged between 0.7 and 204 mL ethylene/L air. The average ethylene concentration in the ARA from all the treatments was 83 mL ethylene/L air. Differences in ethylene production between strains were not significant. The number of nodules explained 50% of the increase in ethylene production (R 2 = 0.5). The ARA also confirmed that no dinitrogen fixation was occurring in pots without the plant or in non-inoculated Rhizobium controls. Differences in nodulation among Rhizobium treatments and non-inoculated controls had a significant effect on plant survival, plant growth, and consequently on swainsonine production. Plants treated with strain 118HI had the highest mortality (6 out of 16 inoculated plants) compared to all other treatments. Plants treated with strain 118B2 had greater average leaves biomass (0.86 g) than the non-inoculated controls (t = 2.03, P = 0.04). Plants treated with strain 118H2 had the highest average number of leaves (20 leaves/plant), greater average leaves biomass (0.85 g) than the non-inoculated controls (t = 2.09, P= 0.04), and greater average number of clusters compared to the non-inoculated controls (P = 0.02), 118BI (P = 0.0026), and 118B2 (P = 0.007).
Swainsonine was produced in 98% of all O. sericea plants. Average levels of swainsonine were greater (t = 3.36, P > 0.0015) in plants treated with strain 118H2 (0.175% ± 0.028%, mean ± SE) than other Rhizobium treatments or the non-inoculated controls (0.084% ± 0.008%). Plants treated with strain 118HI had the lowest swainsonine levels (0.051 % ± 0.029%; Table I ).
Experiment 2
Fungicide treatments hid an indirect effect on plant growth and reduced, but did not eliminate, the Superscript letters indicate significant differences within a column using an LSD test (P < 0.05).
•
swainsonine content in O. sericea. Leaf biomass was different between treatments (F 3 ,32 = 2.91, P = 0.0493).
Plants that received seed and seed + foliar fungicide had lower (I = 2.17, P= 0.03778) leaf biomass (1.46 :=: 0.119 g and 1.47 :=: 0.283 g, respectively; mean:=: SE) than the non-fungicide treated controls (2.23 :=: 0.302 g) and the foliar treated plants (2.15 :=: 0.244 g; Table 2 ). Average number of leaves on non-fungicide treated control plants was greater than the plants treated with foliar (t = 2.51, P = 0.02), or seed (I = 2.31, P = 0.03) applied fungicide (Table 2) . Swainsonine content (0.044% :=: 0.027%, mean:=: SE) in the plants that received seed fungicide application was lower (I = 2.93, P = 0.0065) than non-fungicide treated control plants (0.153% :=: 0.026%) and plants treated with foliar fungicide (0.150% :=: 0.017%; Table 2 ).
DISCUSSION
This study is the first to report that nodulation, dinitrogen fixation, and swainsonine production in O. sericea could be linked to a mutualistic symbiosis between the plant, dinitrogen-fixing bacteria, and a fungal endophyte. Oxylropis sericea plants were capable of forming dinitrogen-fixing nodules, and did so with more than one strain of Rhizobium. Rhizobium strain interactions with O. sericea plants had both positive and negative effects on nodule production, plant survival, and plant growth. Dinitrogen fixation enhanced plant growth and the production of endophytic swainsonine in O. sericea plants that developed a compatible symbiosis with Rhizobium.
The ability of Rhizobium strains from both O. foliolosa (l18BI and 118B2, arctic strains) and O. riparia (l18H2 and 118HI, temperate strains) to nodulate O. sericea is indicative of high symbiotic compatibility. According to Bever and Simms (2000) , nodule number and symbiotic compatibility are mediated by the frequency of dinitrogen-fixing genotypes in the Rhizobium strain and the genetic and physiological responses of the host plant. Differences in symbiotic compatibility could explain the differences in the number of nodules among the four Rhizobium treatments (Table I) and could also account for the variability in ethylene production (0.7-204 mL ethylene/L air), in addition to the stress response of the nitrogenase in the nodules to the root washing and handling during the ARA incubation.
Symbiotic compatibility in the Astragalean clade is relatively common. For example, the Rhizobium strains isolated from Astragalus and Oxytropis can cross inoculate both hosts and also produce nodules in Onobrychis viciifolia (Prevost et al. 1987) . Strain compatibility by cross inoculation has been documented in Oxytropis campestris with strains isolated from species of Astragalus and Hedysarum (Novikova et al. 1993) . Symbiotic compatibility could be the facilitating factor responsible for the establishment of a simultaneous symbiosis by O. sericea with Embellisia sp. and Rhizobium.
The synthesis of swainsonine by the endophyte could be affected by the nitrogen sinks of the plant, given that swainsonine is an indol'izidine alkaloid. Plants treated with Rhizobium (strain 118H2) had greater leaf production and swainsonine levels presuinably because of an increased supply of nitrogen to the endophyte, compared to non-inoculated controls. Non-fungicide treated controls, as well as plants treated with strain 118H2 had greater leaf production and swainsonine levels compared to non-inoculated controls and seed fungicide treated plants where the endophyte was suppressed. Increased nutrient availability resulted in increased plant growth, survival, and consequently increased swainsonine production by O. sericea. These findings also suggest a dependence of the endophyte on the nitrogen supplied by dinitrogen fixation to synthesize swainsonine, when soil nitrogen is limited to the host plant.
The differences in swainsonine production among plants treated with different strains of Rhizobium could indicate that the endophyte was stimulated to increase or decrease swainsonine production by the physiological response from the host plant or by the differences in nitrogen availability. Increased levels of swainsonine in O. sericea plants treated with Rhizobium strain 118H2 could also indicate that dinitrogen fixation is capable of supporting plant growth and generate a nitrogen supply for the production of swainsonine by the endophyte. The symbiosis between O. sericea and Rhizobium could potentially play an important role in the survival of Oxytropis sericea in soils with low nitrogen, thus, contributing to the continued existence of the symbiosis between Oxytropis sericea and Embellisia sp.
Dinitrogen-fixing O. sericea plants produced greater levels of swainsonine than plants without nodules, under low nitrogen conditions. Embellisia sp. could depend on a direct nutrient supply from the plant, particularly in the form of amino acids, such as glutamate, aspartate, and lysine. The aspartate produced from dinitrogen fixation and transformed into lysine in the plant, could be used by the endophyte Embellisia sp. to produce swainsonine. Most endophytic· fungi are known to develop between the apoplast of the stems and leaves of the plants, where photosynthetic activity is high, and lysine is synthesized in the cWoroplasts (Mills -et al. 1980) . The need for a constant supply of lysine could explain the distribution of Embellisia sp. in the photosynthetic and reproductive tissue of O. sericea from the wild population studied by Braun et al. (2003) .
Based on the results of the second experiment, swainsonine levels in O. sericea were reduced when receiving a seed fungicide treatment. The seed fungicide treatment suppressed the fungal endophyte because its hypha is carried through the seed. The findings from the second experiment suggest that the decrease in swainsonine production and leaf biomass, in the plants from the first experiment, could be attributed to the suppression of Embellisia sp. as a result of low nitrogen availability.
The ability of O. sericea to form dinitrogen-fixing nodules has profound implications for understanding the ecology of this species. Oxytropis sericea is capable of competing with neighboring species by developing a long taproot to reach deeper moisture (Payne 1957) , and by tolerating the loss of aboveground tissue (Ralphs et al. 2002a) . The competitiveness of O. sericea could also be enhanced by its ability to simultaneously associate with Embellisia sp. (Braun et al. 2003) and Rhizobium. For example, indeterminate nodules are more tolerant to drought than determinate nodules (Bordeleau and Prevost et al. 1994) . The production of dinitrogen-fixing indeterminate nodules in combination with a long taproot could also explain the survival of O. sericea during dry years. Dinitrogen fixation also increases the toxicity of the plant by increasing the production for swainsonine by the endophyte. These adaptive characteristics could explain the wide elevatioll and latitudinal distribution of O. sericea in western North America and its dominance in the ecosystems where it occurs.
CONCLUSION
. This study is the first to report that nodulation, dinitrogen fixation, and swainsonine production in O. sericea could be linked to a mutualistic symbiosis between the plant, dinitrogen-fixing bacteria, and a fungal endophyte. Compatible symbioses between Rhizobium and O. sericea favor plant survival by producing indeterminate dinitrogen-fixing nodules. Dinitrogen fixation increases endophytic swainsonine production and supports the symbiosis between O. sericea and Embellisia Sp., when soil nitrogen is limited. Differences in nodulation and dinitrogen fixation could explain the geographical variability in swainsonine production within and among O. sericea populations. These findings suggest that the link between Rhizobium and swainsonine production by endophytic Embellisia fungi could play an important role in the ecology of O. sericea.
